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Abstract: Investigations on comb crack resistance of milling inserts coated with chemical vapor
deposition (CVD) Ti(C,N)/α-Al2O3 and Zr(C,N)/α-Al2O3 showed a distinct wear evolution in
both systems. Wear studies revealed that the appearance of comb cracks is connected to the initial
CVD cooling crack network. Micropillar compression tests indicated a brittle intergranular fracture
mechanism for the Ti(C,N) layer and a transgranular fracture accompanied with signs of plastic
deformation for the Zr(C,N) coating. Additionally, for the Zr(C,N) based system, a compressive stress
condition in the temperature range of interest (200–600 ◦C) was determined by in-situ synchrotron
X-ray diffraction. The set of residual compressive stresses together with the ability of the Zr(C,N)
layer to deform plastically are key features that explain the enhanced resistance to comb crack wear
of the Zr(C,N) based system in milling of cast iron.
Keywords: milling inserts; comb crack wear; polycrystalline CVD coatings; in-situ synchrotron X-ray
diffraction; micro-mechanics; residual stress engineering
1. Introduction
Cemented carbides coated with wear resistant layers deposited either by physical or
chemical vapor deposition (PVD or CVD) are predominant cost-effective tools for machin-
ing of automotive parts and aerospace components [1]. Machining involves processes such
as turning or milling, where interrupted cutting condition causes faster degradation of
the cutting edge and reduced tool life. It is known that the main wear mechanism that
reduces the performance of milling inserts is the formation of thermo-mechanical cracks,
also known as comb cracks [2,3]. Tool life of cutting inserts can be enhanced by deposition
of tailored wear resistant layers. The use of CVD coated inserts has the advantage of versa-
tility in coating thickness and the production of multilayer systems that combine resistance
against wear, chemical reactions, oxidation, and thermal load. The most common system
used is the combination of Ti(C,N) as the wear resistant layer and Al2O3 as the chemical
and thermal barrier outer layer [4]. However, a main drawback of CVD coating systems
is the presence of a network of microcracks formed during the cooling step of the CVD
process after deposition at high temperature [5]. This network of cracks stems from the
difference in coefficient of thermal expansion (CTE) between the cemented carbide and the
coating layers, which generates tensile stresses above the yield strength of the films, leading
to crack formation and relaxation of stresses [6]. The cutting tool industry has developed
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post-treatment processes to close pre-cracks and to introduce high compressive stresses in
the CVD coatings, i.e., blasting/peening, in which the surface of the as-coated inserts is
bombarded with different particles at high pressure [7–9]. The introduction of compressive
stresses delays the opening of the initial microcrack network and the propagation of such
microcracks as well as the formation of new cracks during the oscillating conditions of
stress and temperature in the milling process. The study and understanding of residual
and thermal stresses are therefore a key feature to control the crack formation and hence
improve the tool life of CVD coated milling inserts [10–12]. In a recent work, the authors
have investigated the thermal cycling behavior of Ti(C,N)/α-Al2O3 coating systems in
both as-coated and top-blasted conditions [13]. Main observations were the reversible
correlation of stresses with the temperature cycles, the introduction of compressive stresses
in the α-Al2O3 layer by top-blasting associated with a high density of defects; and the
relaxation of such induced compressive stresses by annihilation of defects in a thermally
activated process. Another conclusion was that the use of CVD layers with a low CTE
-such as Zr(C,N) or Hf(C,N)- would be favorable to withstand crack propagation.
To continue this residual stress engineering approach, the behavior of the Ti(C,N)/α-
Al2O3 and Zr(C,N)/α-Al2O3 systems is compared in terms of residual stresses, crack
formation/propagation, micro-deformation and comb crack resistance for milling of cast
iron. Investigations are conducted by a combination of several techniques, including
in-situ synchrotron X-ray diffraction and micropillar compression. The aim is to link the
response of the coating towards thermal and mechanical loads to the wear evolution in
real machining conditions for further understanding of the mechanisms that govern comb
crack wear in CVD coated milling inserts.
2. Materials and Methods
Coating systems Ti(C,N)/α-Al2O3 and Zr(C,N)/α-Al2O3 were deposited on WC-6
wt.% Co substrates using an industrial hot-wall CVD reactor. In both coating systems, a
thin TiN starting layer of 0.3 µm was deposited between the cemented carbide substrate
and the wear resistant carbonitride layer followed by a bonding transition layer Ti(C,N,O)
and the α-Al2O3 layer (Figure 1). The thickness and properties of the Zr(C,N), Ti(C,N) and
α-Al2O3 layers is given in Table 1. Coated samples were subjected to top-blasting process
with alumina particles using a 250 µm mesh at 2 bars for 60 s. Microstructural changes
induced by blasting were observed by transmission electron microscope (TEM).




Figure 1. (a,b) SEM images of as-coated systems investigated (polished cross-sections) (c,d) LOM 
top-view images for the as-coated condition showing α-Al2O3 outer layer. White arrows indicate 
CVD crack network. 












WC-Co 620 ± 20  0.22 5.7 - 
α-Al2O3 440 ± 20  0.22 a: 8.4/c: 9.0 3.0 
Ti(C,N) 450 ± 20  0.19 9.0 4.0 
Zr(C,N) 405 ± 20  0.177 7.65 4.5 
 
Residual and thermal stresses were analyzed in-situ at room temperature and during 
thermal cycling conditions using synchrotron X-ray diffraction at the Material Science 
Beamline EDDI (Energy-Dispersive Diffraction) at the storage ring BESSY in Berlin, 
Germany [17]. The inserts were heated in an Anton-Paar furnace under flowing Ar. A 
thermocouple was mounted on the inserts to track the temperature. After initial 
measurement at room temperature (RT = 25 °C) the samples were heated/cooled in steps 
of 200 °C up to 800 °C to determine thermal stresses. The heating/cooling cycles (RT-800 
°C-RT) were carried out at temperature steps of 200 °C. After initial measurement of 
residual stresses at RT, the samples were heated until the desired temperature to 
determine the thermal stresses. Each measurement at the defined temperature step lasted 
around 8 to 10 min. Stresses in the layers were calculated using the XRD fundamental 
equation by Noyan [18]. The relation between the elastic strain (𝜀
ℎ𝑘𝑙) obtained for a certain 
(hkl) diffraction at different  directions of the sample and 𝑠𝑖𝑛2 is presented in Equation 
(1): 
𝜀









2 + 2𝑆1(ℎ𝑘𝑙)𝜎∥ (1) 
 
where 𝑑𝜓
ℎ𝑘𝑙 is the lattice spacing obtained from the experiment for various reflections hkl, 
and 𝑑𝑜
ℎ𝑘𝑙 is the strain-free lattice parameter of the material. S1(hkl) and ½  S2(hkl) are the 
diffraction elastic constants (DECs) valid for quasi-isotropic polycrystalline materials. 
They are independent of the measurement direction with respect to the sample system 














Figure 1. (a,c) SEM images of as-coated sy tems inve igated (pol shed cross- ections) (b,d) LOM top-view images for the
as-coated c ndition showing α-Al2O3 ou r layer. White arrows indicate CVD crack network.
Crystals 2021, 11, 493 3 of 16











WC-Co 620 ± 20 0.22 5.7 -
α-Al2O3 440 ± 20 0.22 a: 8.4/c: 9.0 3.0
Ti(C,N) 450 ± 20 0.19 9.0 4.0
Zr(C,N) 405 ± 20 0.177 7.65 4.5
Another set of single layered samples is produced having only the carbonitride layer
as an outer layer, i.e., Ti(C,N) (5.0 ± 0.2 µm) and Zr(C,N) (5.0 ± 0.2 µm) without the
bonding layer Ti(C,N,O) and α-Al2O3 layer.
The resistance to thermo-mechanical cracks was tested in wet milling of cast iron on a
test block of grey cast iron SS0125 with dimensions 305× 120× 50 mm3. The test block was
face-milled with the cutter moving from the right side to the left side of the test block. The
cutting parameters were: vc = 220 m/min, fz = 0.25 mm, ae = 60 mm, ap = 3.0 mm, using
an industrial cooling emulsion of 8%. The test was stopped at certain milled surfaces to
track the wear evolution (comb cracks, crater, and flank wear) by light optical microscopy
(LOM) and scanning electron microscopy (SEM) imaging. The inserts were analyzed after
end tool life in polished cross-sections. At least 8 inserts were analyzed for each condition.
Residual and thermal stresses were analyzed in-situ at room temperature and during
thermal cycling conditions using synchrotron X-ray diffraction at the Material Science
Beamline EDDI (Energy-Dispersive Diffraction) at the storage ring BESSY in Berlin, Ger-
many [17]. The inserts were heated in an Anton-Paar furnace under flowing Ar. A thermo-
couple was mounted on the inserts to track the temperature. After initial measurement
at room temperature (RT = 25 ◦C) the samples were heated/cooled in steps of 200 ◦C up
to 800 ◦C to determine thermal stresses. The heating/cooling cycles (RT-800 ◦C-RT) were
carried out at temperature steps of 200 ◦C. After initial measurement of residual stresses
at RT, the samples were heated until the desired temperature to determine the thermal
stresses. Each measurement at the defined temperature step lasted around 8 to 10 min.
Stresses in the layers were calculated using the XRD fundamental equation by Noyan [18].
The relation between the elastic strain (εhklψ ) obtained for a certain (hkl) diffraction at









where dhklψ is the lattice spacing obtained from the experiment for various reflections hkl,
and dhklo is the strain-free lattice parameter of the material. S1(hkl) and
1
2 S2(hkl) are the
diffraction elastic constants (DECs) valid for quasi-isotropic polycrystalline materials. They
are independent of the measurement direction with respect to the sample system but reflect
the elastic anisotropy of the crystallites of the layers. Equation (1) holds for a biaxial stress
state of rotational symmetry, which is described by the in-plane stress component σ‖ [18].
Assuming a uniform stress state with respect to the layer thickness, X-ray stress analysis
using Equation (1) can be performed by applying the sin2ψmethod [19] to the dhklψ − sin
2ψ
data sets that were obtained for different reflections hkl. Stress analysis on the investigated
layers was performed for the diffraction lines summarized in Table 2 and the average of the
resulting stress values was taken to monitor the stress evolution during thermal cycling.
Further details about instrumentation and method have been extensively reported in a
previous work by the authors [13].
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Table 2. DECs for the investigated layers calculated by applying the Eshelby-Kröner model [20,21]
using the respective single crystal elastic constants. For the stress evaluation in the Ti(C,N) and
Zr(C,N) layers, an average value of the DEC for TiC/TiN and ZrC/ZrN was used, respectively.
Component hkl Shkl1 [×10−6 MPa−1] 12 S
hkl
2 [×10−6 MPa−1]
α-Al2O3 012/024 −0.685 3.36
Ti(C,N) 200 −0.425 2.665
220 −0.465 2.795
Zr(C,N) 111 −0.45 2.785
220 −0.44 2.755
Residual theoretical and thermal stresses were calculated for each layer using




∗ (CTES − CTEL) ∗ (T − Tmax
)
(2)
where σth is the residual thermal stress, EL is the Young’s modulus of the layer, υL is
the poisson coefficient of the layer, T is the actual sample temperature, and Tmax is the
maximum temperature of the CVD deposition process, CTES is the CTE for the substrate
and CTEL is the CTE of the layer. Values used for calculations are presented in Table 1.
Micro-mechanical behavior of the carbonitride layers was investigated by micropillar
uniaxial compression for single layered samples. Micropillars were milled in a FEI Helios
NanoLab Dualbeam 600 SEM/FIB (Focused Ion Beam) using Ga ion beam. The compres-
sion test was carried out in a Hysitron Tribo-indenter TI900 equipped with a Performech
controller and a diamond punch of 5 µm diameter. For further details of sample prepara-
tion and experimental protocol, the readers are referred to the previous investigation by
the authors [23].
Transmission Electron Microscopy (TEM) observations were done using a double-
corrected Thermo-Fisher-Scientific Titan G2 microscope operated at 300 KV. Dark field
scanning TEM (STEM) images were taken at a camera distance of 73 mm from crystal
grains tilted into low-index-zone axes to observe crystalline defects on the α-Al2O3 top
layer, as described in [13].
3. Results and Discussion
3.1. Milling Tests
SEM images of the wear evolution of the top-blasted Ti(C,N)/α-Al2O3 and Zr(C,N)/α-
Al2O3 coated inserts show a remarkable difference for both systems, as displayed in
Figure 2. For both systems, a fine crack wear pattern starts to develop on the rake face of
the inserts in the early stages of machining (two milled surfaces). These fine cracks grow
mainly perpendicular to the cutting edge. Interestingly, the fine crack network on the rake
face is more extended and visible in the Zr(C,N) compared to the Ti(C,N) system. At this
stage slight flank wear is observed only in the Ti(C,N) system. With further machining
(4 surfaces) these fine cracks become comb cracks visible both in the rake and flank face in
the Ti(C,N) system which continue to grow and become larger and wider.




Figure 2. SEM images of the wear evolution for the Ti(C,N)/α-Al2O3 (a–c) and Zr(C,N)/α-Al2O3 (d–
h) systems for same number of milled surfaces. Evolution of comb cracking (starting from the fine 
cracks) can be seen with the number of milled surfaces. Clear delay in the formation of comb 
cracks and chipping for the Zr(C,N) based system is observed. The outer surface seen is the α-
Al2O3. 
At this stage it can be assumed that the extensive thermo-mechanical condition of the 
milling process together with the chemical and oxidation attack to the substrate favor the 
propagation of the cracks, some of them connecting, leading to chipping and extensive 
wear. In the Zr(C,N) no clear comb cracks are formed after 4 surfaces, but wider opening 
of the fine crack wear pattern. Comb cracks appear after 7 milled surfaces for the Zr(C,N) 
based system in which the damage/delamination around the crack is wider. In terms of 
Ti(C,N)/Al2O3 - 4 SURFACES - Tilted view Zr(C,N)/Al2O3 - 4 SURFACES - Tilted view
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Figure 2. SEM images of the wear evolution for the Ti(C,N)/α-Al2O3 (a–c) and Zr(C,N)/α-Al2O3
(d,f,g,h) systems for same number of milled surfaces. Evolution of comb cracking (starting from the
fine cracks) can be seen with the number of milled surfaces. Clear delay in the formation of comb
cracks and chipping for the Zr(C,N) based system is observed. The outer surface seen is the α-Al2O3.
At this stage it can be assumed that the extensive thermo-mechanical condition of the
milling process together with the chemical and oxidation attack to the substrate favor the
propagation of the cracks, some of them connecting, leading to chipping and extensive
wear. In the Zr(C,N) no clear comb cracks are formed after 4 surfaces, but wider opening
of the fine crack wear pattern. Comb cracks appear after 7 milled surfaces for the Zr(C,N)
based system in which the damage/delamination around the crack is wider. In terms
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of cutting performance (and if the tool life criteria is set to 0.25 mm length of cracks on
the flank face) the tool life of the Ti(C,N) based system is reached after 4 milled surfaces
whereas the Zr(C,N) based systems withstand 7 milled surfaces, indicating (according to
the in-Lab tests) an increase of comb crack resistance of about 60%.
3.2. Wear Studies—Cracking
To understand the observed difference in comb crack behavior, the mechanisms that
lead to the formation of cracks were investigated. It has been experimentally reported and
validated by modeling that the initiation of comb cracks in CVD coated inserts is connected
to the CVD pre-crack network [24,25]. Furthermore, CVD cooling cracks in both rake and
flank face network are considered to be the nucleus for the initiation of comb cracking as it
is considered the most relevant defect that exists in the coating. The connection between
the wear evolution and the pre-crack network of the coating originating from the CVD
process is exemplified in Figure 3. At the tip of the cutting edge (where the contact force
and temperature has reached its maxima [26]) an extended network of open cracks is
observed. If we compare the crack pattern on the machined edge with the crack pattern in
an area away and less affected by thermo-mechanical load, it is clear that the crack patterns
opening/width has a kind of a gradient toward the machined part. The crack pattern in
non-machined α-Al2O3 is difficult to observe in the light optical microscope. A comparison
with Figure 1 shows that the network of cracks is similar to the observed network after
CVD coating, though the cracks are wider and more developed.
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Figure 3. Worn edge after milling (5 surfaces) for the Zr(C,N)/α-Al2O3 system. The expanded crack network in the contact
region with the workpiece is clearly visible.
Figure 4 shows the crack network in both the α-Al2O3 and the carbonitride layers for
both systems in the early stages of machining (the network of cracks has been extracted
by imaging analysis for better visualization). For both systems the crack density is higher
close to the cutting edge than further away from it. Small cracks with a spacing of 15 to
30 µm with lengths of about 20 µm have grown into the coating. Not all cracks present in
the α-Al2O3 have pr pagated down to the carb itride l yers; nly a fraction of the cracks
near the edge a e p esent. Furthermore, the observed density of c acks in the Zr(C,N) is
less compared to the Ti(C,N) layer, indicating at some of the α-Al2O3 cracks did not
propagate down through th Zr(C,N) system. Recently, a similar behav or (CVD cooling
cr cks stopped at the intermediat Zr(C,N) layer) was obse ved by FIB cross sectional
im ging in similar systems [27]. It can be then conclud d that the overall crack network
structure in the two coating layers looks v ry similar, despite a less developed crack
network is obse ved for the Z (C,N) compared to th Ti(C,N) system.
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Figure 4. LOM ima s together with ma ked projecti n of comb crack network for the systems
investigated after gentle polishing to reveal the comb cracks in the α-Al2O3 ( ,c) and the underneath
carbonitride layer (Ti(C,N) (b) or Zr(C,N) (d)). Images below represent better visualization of the
cracks. Similar crack network in the α-Al2O3 layer for both systems. The Ti(C,N) layer presents a
more dense network of cracks compared to the Zr(C,N) layer.
3.3. Residual and Thermal Stress Analysis
The formation of th pre-crack network is associated with the large dev lop d tensile
stress during the cooling step of the CVD process orig ating from the CTE differences
between the cemented carbid , the carbonitride and the alumina layers (see Table 1). The
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replacement of the Ti(C,N) by the Zr(C,N) intermediate layer (average CTE: 9.0 × 10−6/K
vs. 7.65 × 10−6/K) should impact the stress behavior both after coating deposition and
during milling with cycling thermal loads. Furthermore, the cycling stress distribution
at the cutting-edge during machining connected to the CVD pre-crack network impact
the development of comb cracks [13]. Residual and thermal stress measurements are
conducted in both systems in the as-deposited and top-blasted condition. Figure 5 displays
the results of the in-situ stress evolution during two thermal cycles (RT-800 ◦C) for the
Zr(C,N)/α-Al2O3 and the Ti(C,N)/α-Al2O3 systems in both as-coated and top-blasted
conditions. For the as-coated condition (Figure 5a) the α-Al2O3 layer presents a similar
behavior for both the Ti(C,N) and the Zr(C,N) systems. However considerable higher
compressive stresses of the Zr(C,N) layer compared to the Ti(C,N) layer are observed over
the two thermal cycles, which is an indication of the effect of the low CTE of the Zr(C,N)
layer on the development of the residual and thermal stresses.
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Figure 5. In situ determined stresses for the Zr(C,N)/α-Al2O3 and the Ti(C,N)/α-Al2O3 systems for
the as-coated (a) and top-blasted (b) conditions.
In the top-blasted condition (Figure 5b) high compressive stresses are introduced in
the α-Al2O3 layer in both systems, a technique that has been reported in literature [6,9,28]
and it is widely used in industry to increase the tool life of cutting inserts [29]. The α-Al2O3
layer remain in compressive stress in the first heat cycle, releasing the induced top-blasted
stresses after the second thermal cycle. It can be seen from STEM images (Figure 6) that a
high density of defects (dislocations and stacking faults [13]) are introduced after blasting
Crystals 2021, 11, 493 9 of 16
in the α-Al2O3 for both Ti(C,N) and Zr(C,N) grades, and that after annealing the density
of these defects decreases. The physical understanding of this phenomenon connecting
the residual stress behavior and the microstructural changes during thermal cycling has
been recently reported [13], concluding that the high stresses introduced by blasting are
connected to a high density of defects in the α-Al2O3 and the subsequent relaxation by
thermal treatment is driven by annihilation of defects in a diffusion driven phenomena.
The temperature dependent stress behavior of the Ti(C,N) and Zr(C,N) layer is almost the
same for both the as-coated and top-blasted states. It can be assumed -as demonstrated for
the Ti(C,N) layer [13] that the reversible stress behavior of the Zr(C,N) is not associated
to changes in defects (dislocations, stacking faults) and presents an elastic deformation
behavior in the temperature range investigated.
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Figure 6. Dark-field STEM images of α-Al2O3 grains in the α-Al2O3/Ti(C,N) (a–c) and α-
Al2O3/Zr(C,N) (d–f) samples in different conditions, acquired with one of the grains (marked
by the yellow polygons) tilted to a zone axis. The growth direction is towards the top of the images.
It can be seen that defects introduced by blasting decreases after annealing.
Another important observation is the difference between the theoretical stresses and
the ones estimated by synchrotron X-ray diffraction. The lower estimated stresses in the
investigated samples show the effect of the relaxation due to thermal-cracking in the CVD
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process. This difference between theoretical and estimated stresses remains almost equal
for the temperature cycling conditions at all temperatures (see extracted data in Table 3).
Table 3. Theoretical vs. averaged estimated residual and thermal stresses for the systems investigated
at RT and 800 ◦C.
Coating Layer Temperature [◦C] Theoretical As-Coated Top-Blasted
σII THEOR [MPa] σII XRD [MPa] σII XRD [MPa]
α-Al2O3 RT 1490 500 −1800
800 305 −150 −800
Ti(C,N) RT 1800 500 500
800 382 −200 −100
α-Al2O3 RT 1490 500 −1200
800 305 −150 −1100
Zr(C,N) RT 940 50 80
800 204 −700 −600
As described in the introduction of this work, the motivation of replacing the inter-
mediate carbonitride layer of the multilayer CVD coating system aimed at investigating
the effect on the stress behavior of the systems at cycling temperature loads. The stress
investigations validated the initial hypothesis that a carbonitride layer with a lower CTE
will set a lower tensile stress load on the coating system. Furthermore, when comparing the
stress amplitude for both systems determined by in-situ synchrotron measurements in the
temperature range 25–800 ◦C (Figure 7) and assuming that the variation of thermal loads
in a milling machining operation is between 200 and 600 ◦C [30] a Zr(C,N) based coating
system should be more favorable to retard crack formation and propagation compared to a
Ti(C,N) based coating system.
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. rsi le cycling stres amplitudes for the Zr(C,N) and Ti(C,N) layers (in Ti(C,N)/α-Al2O3
and Zr(C,N)/α-Al2O3 systems) determin d by in-situ synchrotron measurements (temperature range:
25–800 ◦C). The temperature fluctuation in wet milling of cast iron is highlighted.
The reason is that the stress within the Zr(C,N) coating system remains mostly com-
pressive during the alternating cycling thermal loads. For the case of the Ti(C,N) based
coating system, the stress state is reversible, varying between tensile (at lower tempera-
tures) and compressive (at higher temperatures); a condition of oscillating cycling stresses
(tensile-compressive-tensile) favorable for crack opening and propagation.
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3.4. Crack Propagation Path and Deformation Behavior
Comb cracks at end tool life have been studied by sequential polishing, starting from
the outer α-Al2O3 layer (Figure 8). The studies show a crack path connected to the CVD
cooling crack network in both systems, but a different morphology in both systems. The
Ti(C,N) cracks present a typical brittle crack propagation (Figure 8). However, the comb
cracks in the Zr(C,N) system form later in the machining process. These cracks are short
and thick. Signs of breakage around the crack are visible both in the α-Al2O3 and the
Zr(C,N) layer. As mentioned in the wear studies of the milling inserts, no visible cracks
were identified in the first steps of the milling process for Zr(C,N)/α-Al2O3 (see Figure 2).
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Figure 8. Comb crack morphology revealed after sequential polishing of the cutting edge for
Ti(C,N)/α-Al2O3 (a,b) and Zr(C,N)/α-Al2O3 (c,d) systems. Comb cracks propagate on existing CVD
c oling crack network. The morph logy of the racks differs for the Ti(C,N) (b) and the Zr(C,N)
(d)—based systems.
This remarkable difference in wear behavior can be attributed to the physical and
mechanical properties of Zr(C,N), which helps delaying initiation and propagation of
comb cracks. In previous investigations by the authors [23], Zr(C, ) has de onstrated
strong evidences of plastic deformation in comparison to Ti(C,N) as seen fro micropil-
lar compression tests. This is attributed to the Zr(C,N) possessing enhanced toughness
during deformation while maintaining similar stiffness and hardness as Ti(C,N). It was
even evidenced that Zr(C,N) can deform plastically with the substrate for a hybrid pillar
assembly under compression [31]. Additionally, it has been proven that ZrC single crystals
(which are similar to the Zr(C,N)) show plastic deformation under uniaxial loading due to
the activation of unexpected slip planes at room temperature [32]. This behavior could also
be expected for other transition metal carbides from groups 4 and 5 such as TiC, but the
overall ductility in group 4 is expected to increase from TiC to ZrC. Besides, ZrC is expected
to have increased ductility with increasing temperature in comparison to the TiC [33].
Moreover, a recent theoretical study suggests that the stiffness and fracture toughness
increase with nitrogen fraction in Zr(C,N) compounds [34].
Crystals 2021, 11, 493 12 of 16
Micropillars were compressed in the uniaxial load to determine crack propagation
path in both coatings. In Figure 9 it can be observed that Ti(C,N) deforms as an array of
assembled columnar grains which dissociate and fail at the grain boundaries. Meanwhile,
Zr(C,N) deforms as one structure and with mainly the transgranular crack propagation
mode, which was reported in the previous finding of the authors [23]. The facets of failing
columnar grains are smooth for Ti(C,N) while serrations are seen for Zr(C,N) (Figure 9).
These serrations are an indication of less brittle or ductile fracture behavior. Furthermore,
these results validate previous studies reporting that -in contrast to Zr(C,N)- intergranular
crack propagation path is characteristic for Ti(C,N) either for tests carried out in the
microstructural scale or at the macro-scale, indicating that the lower cohesive strength at
the grain boundaries for Ti(C,N) is an intrinsic property of the coating—independent from
the length scale of the test [23,27]. The reason behind this observation has been associated
with the exclusive segregation of chlorine at the grain boundaries for the titanium coating
which decreases the cohesive strength at the boundaries of the coating’s interfaces [35].
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Figure 9. Comparison between failure mechanisms of Ti(C,N) (a,b) and Zr(C,N) (c,d) micropillars. Initiation of failure at
the grain boundaries are noticed in the case of Ti(C,N). After catastrophic failure of micropillars smooth facets for Ti(C,N)
grains are observed (b), whereas serrations in the Zr(C,N) grains are visible (d).
To summarize, the synergy of these effects, which are better cohesive strength at
the grain boundaries and plastic deformation will assign to the Zr(C,N) better fracture
toughness for the initiation and propagation of cracks, which is advantageous during
cooling down (after the deposition) and during intermittent cutting.
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3.5. Comb Crack Model
From a wear perspective, the increased wear resistance is attributed to the delayed/
postponed appearance of comb cracks for cutting inserts coated with Zr(C,N) in contrast to
Ti(C,N). During cutting, comb cracks will be initiated from the existing defects, which are
mainly CVD cooling cracks. As a summary, the main steps of comb crack wear evolution
in the investigated system are described schematically in Figure 10. The sequence of wear
during milling for both systems is simplified and main wear steps are highlighted for
both the Ti(C,N) and the Zr(C,N) systems. It is very important to highlight that comb
cracking also occurs for non-coted cemented carbides. It was reported that coating increases
the resistance to comb cracking in comparison to non-coated case. In intermittent cutting,
cracking is the most dominant mechanism controlling wear and failure of cemented carbide
tool [3]. CVD cooling cracks in both rake and flank face network are the nucleus for the
initiation of comb cracking as it is considered the most relevant defect that exists in the
coating. In earlier cutting stages, a specific wear structure within the coating in the rake face
appears, which are perpendicular fine cracks to the edge referred to as “wrinkles”. These
wrinkles emerge from the perpendicular cracks to the edge of the CVD network, which
grow and extend (Figure 10a). In the flank face, periodic “teeth” appear at the cutting
edge (Figure 10b). As the cutting milling continues, these structures are more developed:
perpendicular wrinkles become wide ridges that continue to grow, reaching the substrate
and deepen perpendicularly to the edge until very fine comb cracks appear/emerge in
the flank face (Figure 10c,d). The position of these fine comb cracks depends on the
stress distribution at the cutting-edge during cutting. It was reported experimentally and
validated later by modeling that the build-up of important tensile stress in specific regions
in the rake face coincide with the position of comb cracking [3,25]. As a consequence, fine
comb cracks grow with damage and chipping around the cracks. Lateral cracks coming
from comb cracks in the flank face connect with the comb cracks, which results in chipping
of fragments at the edge and finally failing of the cutting edge (Figure 10e).
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Figure 10. Main steps of wear evolution during milling of cast iron for both Ti(C,N)/α-Al2O3 system and Zr(C,N)/α-
Al2O3 system.
4. Conclusions
The results of this work show that the wear development and comb crack resistance
of milling inserts cannot be attributed to a main factor, but to the linking between the
residual stresses behavior, deformation behavior and physical or chemical characteristic
of the coating/carbide systems. In the present investigation, the comb crack resistance
differs considerably if the Ti(C,N) intermediate layer is replaced by a Zr(C,N) layer in the
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carbonitride/α-Al2O3 CVD system. The main conclusions that clearly shows the effect of
tailoring surface properties can be summarized as follows:
• The wear evolution shows the early formation of comb cracks for the Ti(C,N) system,
the formation of a fine crack pattern in the rake face and the late appearance of comb
cracks for the Zr(C,N) system. This reflects in a longer tool life for the Zr(C,N) system.
• A connection between the CVD cooling crack network, the wear evolution, and the
final formation of comb cracks was observed.
• The Ti(C,N) layer shows a reversible tensile-compressive-tensile cycling stress behav-
ior in the temperature range of the intermittent machining milling process that favors
comb crack opening and growth.
• The impact of the lower coefficient of thermal expansion of the Zr(C,N) layer reflects
in lower tensile stresses compared to the Ti(C,N) system. Moreover, the stresses in the
Zr(C,N) system remains compressive in the temperature range 200–600 ◦C.
• Top-blasting induce high compressive stresses in the α-Al2O3 layer in both systems,
which stems from the generation of defects and dislocations. After annealing, com-
pressive stresses due to blasting are released in both systems.
• The morphology of the comb cracks differs for the Zr(C,N) and Ti(C,N) systems, show-
ing thin long cracks in the Ti(C,N) system and wide short cracks in the Zr(C,N) system.
• In the micro-mechanical tests, the fracture of the polycrystalline Ti(C,N) coating pro-
ceeds by brittle behavior between the coating crystallites, whereas the polycrystalline
Zr(C,N) coating fracture is accompanied by signs of plastic deformation as observed
in the transgranular serrations of the broken crystal.
• Summarizing the combination of the reduced tensile stress level, the observed re-
versible compressive stress in the range 200–600 ◦C and the more ductile behavior of
the Zr(C,N) system makes it more resistant to the formation of thermo-mechanical
driven cracks in CVD coated milling inserts.
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